Since the late 1950s, several areas of Mexico City have undergone accelerated ground subsidence and have developed associated fracturing and faulting. New interferometric synthetic aperture radar (InSAR) and global positioning system (GPS) data indicate that rates of current land subsidence in Mexico City exceed 350 mm/yr. These rates are close to historical maximum levels of the mid-twentieth century, when mitigation efforts were fi rst undertaken to reduce damage to urban infrastructure. The locus of maximum subsidence has shifted from its historical location in the old city center to the east. Correlation of our InSAR results with seismically mapped stratigraphic units suggests that subsidence is primarily controlled by compaction of Quaternary lacustrine clays and silts. We also evaluate spatial gradients in subsidence and suggest that this, rather than subsidence magnitude, is the key factor in risk assessment. Subsidence represents a major geologic risk for Mexico City and imposes serious constraints to any further urban development.
INTRODUCTION
Many of Earth's urban and suburban areas are subsiding due to excess withdrawal of fl uids, principally water, but also petroleum, natural gas, and geothermal fl uids (Poland, 1984) . While most subsidence rates are relatively low (<10 mm/yr) and local (<100 km 2 ), much higher rates over larger areas are possible, increasing the risk of fl ooding, damage to infrastructure from differential subsidence, and damage to the fl uid reservoirs by overpumping and permanent porosity loss.
Since the late 1950s, several areas of Mexico City have undergone accelerated ground subsidence and associated shallow fracturing and faulting. These faults have mainly developed on the piedmont and talus deposits of older Quaternary volcanoes and other volcanic structures and have continuously damaged housing, utility works, and other urban infrastructure. The integrated economic damages of this process are large, rivaling those of a strong earthquake, but they have received less attention because of the longer time frame. The economic consequences of subsidence, while large, are generally factored into yearly maintenance budgets rather than accounted for as unique natural disasters at a single point in time. As these integrated costs grow, it becomes increasingly important to assess the extent and magnitude of damage in the Mexico City metropolitan area due to ground subsidence. Monitoring of the spatial and temporal patterns of surface deformation associated with fl uid withdrawal is an important fi rst step, and it is the focus of this paper.
No current single technique gives complete temporal and spatial sampling of subsidence. Here, we describe the recent subsidence of Mexico City due to groundwater withdrawal using a combination of interferometric synthetic aperture radar (InSAR) for high spatial resolution and global positioning system (GPS) data for improved temporal information and calibration. We use a remote-sensing approach to defi ne regions where large differential subsidence results in large strain gradients, which thus require closer monitoring.
GEOLOGIC AND HYDROLOGIC BACKGROUND
The southern portion of the Basin of Mexico (Fig. 1) includes a low-relief lacustrine plain, formerly covered by shallow water bodies and wetlands, commonly referred to as the Valley of Mexico. This area at present has several small lakes, including Texcoco, Zumpango, and Chalco; the latter was completely drained at the turn of the twentieth century. These lakes, along with the Xochimilco canal system, are remnants of a large water body that encompassed about one-fourth of the total surface of the basin several thousand years ago.
The Mexico City metropolitan area, located in the southern section of the Mexico Basin, is a heavily populated urban area with ~17 million inhabitants (INEGI, 2000) . Originally named Tenochtitlán, the capital of the Aztec empire, it was built over the former Lake Texcoco, parts of which survive east of the Mexico City metropolitan area, in a high (2200 m elevation), closed basin ringed by mountains that can exceed 5000 m elevation (Fig. 1) and that provide natural recharge of basin groundwater (Ortega and Farvolden, 1989) . The unusual location poses technical challenges for hydraulic management. Flooding in the sixteenth and seventeenth centuries led to artifi cial opening of the basin and construction of other hydraulic works in the late 1700s to divert fl ood water. Since then, a major hydraulic management network has been built and periodically upgraded, maintaining the fl ood-control function but also drastically reducing natural groundwater recharge.
Mexico Basin stratigraphy is well described (Schlaepfer, 1968; Mooser, 1975; Vázquez-Sánchez and Jaimes-Palomera, 1989) . GODF (2004) presented the most recent geotechnical classifi cation of the main surface and near-surface units: a hard rock unit, a transitional unit, and a lacustrine unit. The hard rock unit (Unit I in Fig. 2 ) corresponds to the slopes of surrounding mountain ranges and includes basaltic lava fl ows and pumiceous tuffs and sandy/silty beds with a high percentage of gravel. The transitional unit (Unit II, Fig. 2 ) is a slope deposit; it represents the transition between the lacustrine beds and rock outcrops. It consists of progressively thicker sedimentary deposits overlying the uppermost clay-rich lacustrine beds with interbedded lacustrine and alluvial deposits. The lacustrine unit (Unit III, Fig. 2 ) includes deposits from former Lake Texcoco, mainly soft and compressible silts and clays with relatively low permeability. A large percentage of the modern city is built over these beds, refl ecting the history of urban development since the Spanish conquest. Unit III ranges up to 80 m in thickness and overlies coarser, more permeable beds that comprise the main aquifer, mainly alluvial sands and gravels, as well as Pleistocene-Recent volcanic rocks in the depth range 100-400 m.
The Mexico City metropolitan area consumes over 65 m 3 /s of water (JACMCW, 1995) , and more than 70% of it comes from the aquifer beneath the city through a system of more than 380 water wells. The larger basin has more than 630 wells. In a typical year, consumption exceeds recharge, lowering the water table by 0.1-1.5 m/yr, reducing pore fl uid pressure in the aquifer and overlying aquitard, and leading to compaction of lacustrine shales and surface subsidence. Drilling for groundwater started in the 1850s. Subsidence was eventually recognized as a serious problem (Gayol, 1925) , but the link between groundwater extraction and clay compaction was only recognized later (Carrillo, 1948) . By 1952 By , total subsidence (1891 By -1952 had reached 6.0 m in the downtown area (CHCVM, 1953 (CAVM, 1975; Figueroa-Vega, 1984; Ortega et al., 1993) . The decrease in subsidence rates after 1965 refl ects conservation measures instituted in the 1950s and 1960s, which included capping wells near the city center.
Consequences of the subsidence process are costly. Water sewage works must be constantly upgraded due to loss of gradient, and transitional areas between lacustrine beds and slope deposits are prone to severe differential subsidence, damaging housing and urban infrastructure. However, the regional extent and spatial variation of subsidence, and seasonal and longer-term variations, are not well monitored or understood, hampering effective mitigation.
DATA PROCESSING
InSAR has been used to study a variety of surface deformation processes, including subsidence from groundwater withdrawal, and the technique is well described (e.g., Massonnet et al., 1997; Galloway et al., 1998 Galloway et al., , 1999 Galloway and Hoffman, 2006; Fielding et al., 1998; Amelung et al., 1999 Topography data from the Shuttle Radar Topography Mission (SRTM) was used for the topographic correction. We assumed a constant rate of surface change to make a fi rst-order correction for this effect and used a phase unwrapping algorithm to convert ambiguous fractionalphase measurements to continuous phase corresponding to range change (Goldstein et al., 1988; Ghiglia and Pritt, 1998) . In the interferograms (Fig. 2) , one color cycle represents 28 mm of range change (one half the SAR wavelength) in the line of sight direction between the satellite and ground (23° from vertical in the case of ERS1/2 and 15°-45° for ENVISAT_ASAR). Although this range change is usually interpreted as vertical motion when considering fl uid withdrawal, reservoir contraction may induce horizontal motions as well. If the motion is purely vertical, 28 mm of range change corresponds to a true vertical motion of 30.4 mm. We then registered the SAR interferogram to high-resolution optical image data from the Advanced Spaceborne Thermal Emission and Refl ection Radiometer (ASTER) to improve georeferencing and facilitate feature matching, for example, the location of InSAR fringes with respect to waterwell locations or major street intersections.
GPS analysis and error estimation procedures follow Dixon et al. (2000) and Sella et al. (2002) . Permanent station UIGF (Ciudad Universitaria) on the southwestern margin of the Mexico City metropolitan area has been occupied since 1997. Station AIBJ (Mexico City International Airport) was occupied for a total of 10 twenty-four hour sessions at the end of the dry season (May-June) between 1995 and 2001. A permanent GPS station located on the center of the historic downtown was installed April 2004, and more recent permanent GPS stations (MRRA, MPAA, and MOCS) have continuously recorded data since early 2005 in order to monitor subsidence with high temporal resolution. We fi t a weighted least-squares line to the GPS position data for each site to derive the average velocity and uncertainty over the entire observation period, and also considered subsidence over shorter intervals.
GPS data also allow calibration of InSAR measured subsidence. For example, the unadjusted 1996 interferogram agrees well with both GPS sites, implying minimal orbit error and/or atmospheric delay effects in this data set. On the other hand, the 1999-2000 interferogram predicts subsidence at UIGF 55 mm below that indicated by the GPS analysis at this site. The InSAR-derived profi le in Figure 3 is adjusted based on the UIGF data, allowing an InSARbased estimate of subsidence within the study area relative to UIGF.
SUBSIDENCE ANALYSIS
The InSAR data ( a mix of vertical and horizontal motion? A SAR interferogram from one look direction, as in our case, measures only the scalar length change in the satellite line of site direction and does not resolve the three orthogonal components of the displacement vector. Also, the imaged changes may include short-term (e.g., seasonal) changes, or could refl ect longer-term trends. The available SAR data do not address the issue of highresolution temporal variability. We recorded negligible GPS vertical velocity at UIGF, outside the subsidence affected zone, and high and constant subsidence at AIBJ, at an average rate of −291 mm/yr for the 1995-2001 period using campaign data. More recently installed GPS sites at MOCS, MPAA, and MRRA (Fig. 4 ) located on the high-subsidence region show rates that range from −168 to −255 mm/yr and display linear trends with no or very little annual variation. On the other hand, the UPEC site, located further to the west (Fig. 4) where lacustrine sediments are thinner, shows a lower subsidence rate (−84 mm/yr) but displays small seasonal variations. Figure 3 plots InSAR displacement, assuming only vertical motion, and the vertical component of GPS displacement for a transect across the basin that intersects UIGF and AIBJ GPS sites, assuming that the longer-term average velocity at the GPS sites (representing data spanning more than 6 yr at AIBJ) is representative of the average velocity over the 175 d (1999) (2000) or 105 d (1996) InSAR period. The three subsidence estimates at AIBJ (two InSAR, one GPS) agree fairly well. The InSAR-based subsidence estimate at AIBJ is 100 mm over 105 d (1996) and 148 mm over 175 d (1999) (2000) , equivalent to average annual rates of 347 mm/yr (1996) and 309 mm/yr (2000), compared to the 291 mm/yr derived from the GPS campaigns.
The agreement between the different data sets with different time spans suggests several important points:
(1) Most of the InSAR recorded ground motion is vertical. Independent analysis of the horizontal component GPS data at MRRA, MPAA, UPEC, and MOCS confi rms that horizontal motion at these sites is small.
(2) Short-term subsidence rates measured by SAR in 1996 and 1999-2000 are similar to the average rate for the period 1995-2001, the time span of campaign GPS measurements at AIBJ.
(3) It confi rms that extraordinarily high rates of surface subsidence are occurring within the Mexico City metropolitan area.
The general agreement of the various subsidence estimates for different time intervals and independent techniques (Fig. 4) indicates that the short-term SAR-based measured subsidence process does not have a signifi cant seasonal bias. The eastern part of Mexico City has been subsiding at a fast and essentially constant rate for at least the past 10 yr. While short-term GPSbased rates (better shown on UPEC site; Fig. 4) indicate fl uctuations spanning a few week's period, these short-term fl uctuations are small compared to the long-term signal and probably account for the small discrepancies between the InSAR and GPS based estimates. For example, InSAR data indicate that the old city center subsides at an average annual rate of 115 mm/year, while the current GPS rate is −84 mm/yr. These rates are less than the historical maximum at this location (Fig. 4) , consistent with the capping of wells in the 1950s. Figure 4 shows a multitechnique composite plot of historical subsidence in the downtown area. Pre-1985 leveling data (Mazari and Alberro, 1991) were collected at selected city landmarks. The 1985-2002 data were derived from leveling of a modern benchmark network encompassing most of the city, surveyed at ~2 yr intervals by the former Dirección General de Construcción y Operación Hidráulica (1993; now Sistema de Aguas de la Ciudad de Mexico). Although benchmarks used in Figure 4 are not the same on the pre-1985 and post-1985 surveys, the closest modern benchmark to the location of the historical landmarks was selected, typically within just a few hundred meters distance. Continuous GPS data (2004 -2007 from the current permanent network (map on Fig. 2 ) are also displayed in Figure 4 .
Total subsidence of the downtown area (Alameda park) between the end of the nineteenth century, when artesian fl ow from the local water springs ceased, and spanning the interval between the times fi rst water wells were drilled in the basin and present time is shown in Figure 4 . Between 1895 and 2002, a total of 9.7 m subsidence occurred. The rates of subsidence since 1985 show sharp differences with other areas east of downtown. Subsidence rates of ~−57 mm/yr and −112 mm/yr (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) are comparable with the current rate of −84 mm/yr measured by GPS techniques at UPEC.
Subsidence rates of other eastern sites such as Airport SW (benchmark M[S01E03]05), which lies close to GPS site AIBJ, show similar rates to the GPS-derived rates of subsidence: −215 mm/ yr at Airport SW (leveling) compared to −211 mm/yr, −255 mm/yr, and −287 mm/yr for the GPS sites MPAA, MRRA, and AIBJ, respectively. The daily sampled GPS data, and general agreement with rates derived from less frequent leveling data, suggest essentially constant subsidence with little seasonal fl uctuations.
We also compared several techniques to better characterize the post-1985 subsidence period. We used space geodetic data and compared them to the two main north-south leveling transects that run across the city (red and yellow lines in Fig. 2 ). These are tied to reference benchmarks on rock outcrops and are assumed to be devoid of regional subsidence effects. A temporal comparison of these leveling transects (Fig. 5, top panels) indicates that except for a few benchmarks that exhibit anomalous behavior, the rate remains essentially constant over time. We then constructed a relative subsidence plot following the same locations of benchmark transects using InSAR-derived subsidence magnitude maps (Fig. 5, bottom panels) . The most relevant observations from this comparison are as follows:
(1) InSAR-based relative subsidence transects show ~8× better spatial resolution compared to leveling, and they are capable of resolving vertical motion for areas less than 100 × 100 m, well within average city block dimensions in a medium to high population density zone.
(2) Each technique has a characteristic time interval that needs to be considered in the interpretation, especially if subsidence has a timevarying rate, e.g., seasonal fl uctuations. The InSAR-derived transects represent an integrated measurement over the time span of the interferometric pair. The continuous GPS data give daily measurements. Most of the continuous GPS sites show more or less continuous subsidence at an essentially constant rate; hence, the InSAR and GPS rates may be usefully compared, even if they were acquired at different times. The conventional leveling transects are carried out every 2 yr over a 2-4 wk period during normal working hours; the methodology includes a reference benchmark of known (static?) elevation and assumes a static reference frame during the period of the survey. Therefore, any leveling survey that is performed over high subsidence rate areas, such as the eastern part of Mexico City, with rates over 250 mm/yr, may be biased by up to ~9.5 mm in a typical 3 wk survey (differential subsidence between benchmarks at beginning and end of survey).
(3) Correspondence between the leveling and InSAR rates is better displayed on the eastern transect (Fig. 5 , right middle and bottom panels) than on the western transect (Fig. 5 , left middle and bottom panels). This is evidenced by the overall correspondence in magnitude and location of high and low values of both eastern leveling and InSAR plots (Fig. 5 , right middle and bottom panels). This may be a consequence of the magnitude of the subsidence rate, which is higher on the western transect, and is located mostly over lacustrine clays (Unit III on Fig. 2) , than on the eastern transect, located along the transitional zone (Unit II on Fig. 2) .
Current maximum subsidence for the Mexico City metropolitan area (Figs. 6 and 7 ) is localized at Ciudad Nezahualcóyotl (on the eastern side of the Mexico City metropolitan Mexico City Historical Subsidence area), southeast of the historical maximum subsidence area. This area registered an average annual rate of 378 mm/yr, close to the highest annual subsidence rate in the downtown area recorded in the mid-twentieth century (~400 mm/yr; see Fig. 4 ). This shift is important and suggests that water extraction has not declined, but rather moved eastward. Compaction may now be affecting deeper units near the center of the basin. Groundwater overdraft in the IztapalapaNezahualcóyotl region is acute; there has been a sustained static piezometric level drop of −1.4 m/yr averaged over the past 20 yr (Lesser y Asociados, 2003; Ortega, 1999) . The region where current subsidence rates exceed a few mm/yr corresponds closely to the lacustrine unit (Unit III on Fig. 2) . In contrast, the western part of the city, mostly built over alluvial-fan deposits and/or volcanic tephra, tuffs, and lava fl ows (Unit I), shows negligible motion. The high subsidence region corresponds closely to the boundary of old Lake Texcoco just prior to Spanish settlement, when a major change in agricultural practices and hydraulic management was initiated. The outer InSAR fringe in Figure 2 (2000 data panel) maps the location of the lake boundary at the time of Spanish conquest of the Aztec empire, when Mexico City was built over the ruins of old Tenochtitlán, and the lake was drained to build the new city, irrevocably changing the ecosystem and hydrologic balance.
Further evidence supporting the strong correlation between subsidence and thickness of clay-rich units is shown in Figure 8 , where we superimpose the seismically derived depth of the Quaternary lacustrine clay unit (PerezCruz, 1988 ) and the subsidence magnitude estimated for 2000. This clay unit is thickest in the high subsidence region east of the Mexico City metropolitan area. This unit is 350 m thick in the Texcoco-1 deep well (Fig. 8) and can be seismically correlated under most of the Ciudad Nezahualcóyotl neighborhood. Fig. 2) . InSAR-based relative subsidence transects show ~8× better spatial resolution compared to leveling. Subsidence rate magnitude is higher on the western transect, which is located mostly over lacustrine clays (Unit III on Fig. 2) , than on the eastern transect, which is over coarser-grain alluvial-fan deposits (Unit II on Fig. 2) . See text for further details. 
SUBSIDENCE GRADIENT
We computed the horizontal gradients of subsidence rate from the subsidence maps to investigate possible correlation with damage to infrastructure. Figure 9 shows the magnitude of maximum horizontal gradient, computed from the October-December 2003 ENVISAT-ASAR image pair. While there are minor differences between gradients computed from the various interferograms, all show four regions of large horizontal subsidence gradient:
(1) southern slopes of the Sierra de Guadalupe, north of Mexico City;
(2) Peñón de Los Baños, immediately north of Mexico City International Airport; (3) the Zaragoza corridor, which has a NW-SE feature running parallel to this major avenue between the Agricola Oriental and Acatitla neighborhoods, including the Peñón del Marqués area, on the eastern part of the Mexico City metropolitan area; and (4) a NE-SW corridor located immediately to the SE of Canal de Garay Avenue and into the Santa Cruz Meyehualco neighborhood, north of Calzada Ermita Iztapalapa.
All of these regions coincide with Quaternary volcanic features in close proximity to lacustrine clay-rich sediments. These high-gradient zones mark the location of abrupt transitions between continuous subsidence of the lacustrine beds and stable volcanic outcrops (Fig. 2) .
These areas are known for extensive damage to housing and large civil engineering structures such as subways and large hydraulic infrastructure. Detailed information on the location and extent of these zones from the InSAR-derived gradient maps provides a new and valuable tool to include in urban land use and mitigation of subsidence hazard.
ANALYSIS OF SUBSIDENCE DATA
The consolidation analysis (Terzaghi and Peck, 1967) establishes a relationship between those changes in effective stress caused by extraction pumping in an aquifer and the resulting deformation of its porous matrix, as follows: 
where V is the aquifer porous matrix bulk volume, α is the porous media compressibility, γ is the specifi c weight of water, and h is the piezometric head (groundwater table elevation 
Figure 10 compares the InSAR-measured subsidence values to those analytically derived subsidence values following Equation 2 at those water-well locations shown in Figure 7 , using compressibility (α) values that correspond to clay, silt, and sand soils (Freeze and Cherry, 1979) . We used a value for the specifi c weight of water of γ = 9800 N/m 3 and a reference aquifer thickness of b 0 = 80 m (Ortega et al., 1993) . This analysis suggests that the land subsidence observed in the vicinity of these wells can be represented with soil parameters that correspond to a spatial composite of silt and clay. The offset between observed and modeled values (e.g., 5 cm offset between zero calculated subsidence and 5 cm observed subsidence) may refl ect the infl uence of fi ne-grained clays, which retard the migration of water and consequent attainment of equilibrium. Hence, areas with no current change in water levels still experience subsidence due to past overdraft. Furthermore, the estimated order of magnitude of aquifer compressibility compares favorably with the historical observations of land subsidence reported by Ortega et al. (1993) for a total land subsidence of 7.5 m in the old downtown area of Mexico City during the period 1940-1985, and to the 9.7 m (this work) for the period 1940-2007.
DISCUSSION AND CONCLUSIONS
The spatial correspondence between subsidence and the location of young lacustrine beds identifi ed here, combined with the high and essentially constant subsidence rate, implies that subsidence is due mainly to pressure loss in the shallow aquitard (clay-rich lake sediments) associated with groundwater overdraft (withdrawal in excess of recharge). This poses important implications for water management in the Mexico City metropolitan area because compaction of clay-rich aquitards is often associated with permanent loss of porosity and reservoir capacity (Holzer, 1984) . Our data suggest that mitigation activities have not had a signifi cant effect on the long-term compaction of the lacustrine beds. Our data also suggest that subsidence is not primarily seasonal. Long-term, inelastic compaction and shrinkage of the lacustrine unit are continuing at high rates, close to maximum historical values. This impermeable layer currently limits surface pollutants from reaching the underlying aquifer. However, as this layer shrinks, fracturing and faulting may occur, enabling pollutants to percolate down and contaminate the underlying aquifer (Rudolph et al., 1991) .
Economic assessment of damage to urban infrastructure due to subsidence will benefi t from detailed mapping of the horizontal gradient presented here. Continued monitoring of the spatial and temporal patterns of surface deformation within the Mexico City metropolitan area by the techniques outlined here can lead to the implementation of stronger mitigation actions, which are necessary to preserve the aquifer beneath the Mexico City metropolitan area. 
